The term`intelligent transport systems' (ITS) refers to the deployment of advanced technologies (including information processing, communications, control, and electronics) to improve the mobility and enhance the safety, efficiency, reliability, and user friendliness of transport systems (ITS America, http://www.itsa.org/). One of the major thrusts of ITS research and development is the collection and dissemination of timely traffic information to road users. Such timely and accurate information allows individuals to make informed choices about the quickest way of moving around. Millions of dollars could be saved if people spent less time on transport. Consider Hong Kong with its 6.9 million people: a total of US $8.83 million per day and over $3205 million per year could be saved if everyone spent 10 less minutes on transport each day at a rate of $0.128 per minute (Institute of Transport Studies, The University of Hong Kong, http://www.hku.hk/hkuits/AboutUs.htm). This amount would be much higher if we were to include time that could be recovered from goods delivery and energy savings in transport. Real-time traffic information is also very useful from the perspectives
Abstract. Accurate and timely traffic information enables road users to make informed decisions to enable them to optimise their route choices by avoiding congestion. Such information is instrumental to transport management as bus and taxi operators can reschedule their fleets in response to prevailing traffic conditions to minimise the effects of traffic congestion on their services. The information can also be used by the traffic management control centres of transport and highway authorities to streamline the timing control of traffic signals and the broadcast of traffic advice via variable message signs. Real-time traffic information is gathered from point-based traffic surveillance and monitoring detectors, and the piecemeal data fitted to interpolate or model road conditions over a transport network. The process of gathering and transforming point-based traffic data to display an area view is computationally intensive and often fails to meet the instant requirements of a real-time traffic information system. The authors propose a real-time traffic multimedia Internet geographic information system that is capable of transmitting video images and modelling road conditions in real time. The prototype system is capable of calibrating data from traffic closed-circuit television images that are modelled over the entire road network for broadcasting to road users on the world-wide web with a time lapse of 3^4 minutes. The authors also suggest potential applications of the prototype system. of transport and traffic management. Bus companies and taxi operators can reschedule passenger services in response to current traffic conditions and perhaps keep their passengers informed of estimated arrival time at destinations. To ensure a smooth traffic flow, traffic management control centres can regulate the phasing of traffic lights and broadcast traffic advice through variable message signs which the drivers see before they approach congested spots.
Traffic-control and surveillance devices, such as buried inductive loop detectors (ILDs) and closed-circuit television (CCTV) cameras, are widely used to collect traffic information at strategic locations of transport networks. CCTV cameras are used widely, even in developing countries, to monitor city trafficölargely because of their low costs. A proliferation of real-time traffic information with CCTV or webcam links is evident on the Internet [for example, Travel Advisory News Network (TANN) at http://traffic.tann.net, Traffic411 Dashboard at http://www.traffic411.com/], and many cities around the world are in the process of developing such a service. CCTV video images have an advantage over images from other sensors in that they can be viewed and understood by operators without the need for further interpretation. These video images can also be used to estimate traffic flow volume and to monitor road usage by classifying the vehicles that are captured on the videos Lai and Yung, 2000; Pang et al, 2003; Siyal and Fathy, 1995) .
However, live video images can only offer users partial information about the transport network. Each CCTV camera is a standalone device, and the video images are tied to specific locations. Although images are updated every 1^5 minutes, this piecemeal information does not facilitate the visualisation of traffic conditions across the entire transport network. The addition of more cameras to fill the gaps is not a reasonable solution. To be of benefit to road users, a connected view of road conditions amongst transport links must be displayed in a format that is easy to comprehend. As traffic conditions can vary significantly within a short time span, what is needed is a means to model real-time network traffic from CCTV data that are captured at strategic locations within a short period, such as 5 minutes.
In this paper, we propose a design for a real-time traffic multimedia Internet geographic information system that offers timely information about traffic and road dynamics on the world-wide web with a time lapse of 3^4 minutes. The proposed system will make full use of CCTV images. A real-time traffic surface can be estimated by integrating technologies in video coding, image analysis, and traffic modelling. A dynamic symbol map display system is proposed to disseminate modelled results effectively to road users via the Internet, usable in PCs (personal computers) and PDAs (personal digital assistants).
2 Current status of the collection, modelling, and display of traffic data The conventional means of broadcasting traffic information to consumers is by way of verbal traffic reports. Representing traffic data (that is, display of volumes and speeds of traffic on major roads) in a mapped form is not new (Peterson, 1999) . Because traffic data are time sensitive, mapped representation conveys a static situation or a time slice which confines it to after-event traffic analysis and planning. However, this situation is changing with the thrust of technological innovations, including geographic information processing, telecommunication systems, control infrastructures, electronics, and computer algorithms. Considerable effort is necessary to harness the available technologies and knowledge into an integrated and efficient information system that caters to road users in the modern world.
Traffic data collection
Vehicle counts and speeds have traditionally been acquired through ILDs (Ushio and Shimizu, 1998) . However, ILDs must be physically installed under road surfaces, which complicates the alteration of detection characteristics or their redeployment in new locations. The high installation costs of ILDs, coupled with their high failure rates and maintenance charges, have given rise to other types of sensors including: ultrasonic, radar, and laser sensors; infrared detectors; and video cameras (Edde, 1993; Kagesawa et al, 2001; Kim et al, 1998; Kumagai et al, 1992; Schwartz, 1994) . Many of these sensors are gantry mounted or roadside mounted. When a vehicle passes within the sensor footprint, the sensor emits waves that hit the vehicle and are bounced back. The returned wave, detected by the sensor, can be used either to signal the presence of a vehicle or to calculate the distance of the vehicle from that sensor. Moreover, some of these sensors are able to measure the speeds of vehicles by calculating the Doppler frequency or the time delay between the emitted and returned waves.
Video or CCTV cameras operate on quite a different principle, and extensive research has been conducted into the application of vision-processing and imageprocessing algorithms in visual surveillance (Hoose, 1992; Nicchiotti and Ottaviani, 1994; Rourke et al, 1990; Siyal and Fathy, 1995; Waterfall and Dickinson, 1989) . CCTV cameras are usually roadside mounted or gantry mounted at strategic locations on freeways or junctions, with video links to a control centre. Traffic officials at the control centre can inspect the video outputs, based upon which decisions can be made to steer traffic around incidents and congested areas by simply warning drivers and offering alternatives. Video surveillance is attractive because it offers much richer information content than do ILDs and similar sensors. Whereas ILDs, infrared, laser, and radar systems are able to detect vehicle counts and speeds, CCTVs provide additional information on queue lengths, congestion, lane-change frequencies, road conditions, and incidents Lai et al, 2001; Pang et al, 2003; Siyal and Fathy, 1995) . This information can be subjected to simultaneous analyses by computer algorithms, thereby enabling a direct and immediate utilisation of real-time data for traffic management.
However, video information processing creates a new set of problems. For example, the configuration of a camera affects its field of view, which directly determines whether a vehicle can be seen or detected with reasonable accuracy (Fung et al, 2003; Wang and Tsai, 1991) . Detecting the presence of vehicles can also be problematic, especially in hostile and uncontrollable outdoor environments. Worst of all, video processing requires intensive computation, which means that highly efficient algorithms and powerful hardware are indispensable if real-time processing is a part of the requirements. Ashworth et al (1987) and Irani and Anandan (1998) worked on detecting or tracking moving vehicles by means of image processing and video processing techniques. Dubuisson and Jain (1995) classified video information processing into four categories according to how the camera is mounted or whether motion information is used. They used two broad classes of approach: the model-based approach, which uses a parameterised or polygonal model to describe and represent a vehicle; and the non-model-based approach, which requires the manual definition of a bounding area in which the concept of vehicles or objects is inherently absent. The modelbased approach is more popular, and has been adopted widely by many researchers (Dubuisson and Jain, 1995; Gardner and Lawton, 1996; Koller et al, 1993; Yung and Lai, 1998) . A typical example is the deformable model, in which the vehicle shape and interior attributes are fitted with predefined parameterised models that consist of 20^30 vertices. The model can distinguish vehicle types in a limited sense and indicate vehicle directions when there is no occlusion. However, the complexity of computation increases with the number of vertices that are used to define the model, and more vertices are needed to increase accuracy. The polygonal model, in contrast, fits the vehicle outline with a polygon. Unlike the deformable model, the polygonal model does not distinguish vehicle types, dimensions, and orientations, even though it does not suffer from occlusion. Both deformable and polygonal methods can estimate vehicle motion (Bartolini et al, 1996; Gil et al, 1996) . There are quite a few examples of the non-model-based approach (Gloyer et al, 1995; Malik and Russell, 1997; Rojas and Crisman, 1997) . The simplest method involves the manual definition of a bounding area per lane on the video sequence in which vehicles can be detected and their motion estimated (Hoose, 1992; Iwasaki, 1997) . AUTOSCOPE is one representation that employs this method, and claims that it can replace ILD (Michalopoulos, 1991) . The obvious pitfall of this approach is that the manual definition of the bounding area is nontrivial and has to be repeated after each pan^tiltö zoom action.
Traffic modelling
Advanced traveller information systems (ATISs), especially route-guidance systems, are increasingly regarded as a means of alleviating traffic congestion and enhancing the performance of road networks (Yang et al, 1999) . The core of an ATIS is a dynamic traffic assignment model, which evaluates the network performance and provides the necessary information for the ATIS. Three classes of problem have been identified, given the behavioural assumption of individual routing decisions: dynamic systemô ptimal assignment (DSO), in which the total travel cost in the network is minimised; reactive dynamic user^optimal assignment (RDUO), in which individuals always choose routes that minimise their travel cost between an origin and a destination at an instant; and predictive dynamic user^optimal assignment (PDUO), in which individuals always choose routes that minimise their actual travel cost between an origin and a destination. Most systems employ the RDUO and PDUO traffic models because the DSO is not generally compatible with the users' characteristics. The development of these models follows four approaches: mathematical programming (Carey, 1987; Ho, 1980; Lasdon and Luo, 1994) ; optimal control theory (Boyce et al, 1995; Friesz et al, 1989; Ran et al, 1993) ; variational inequality (Friesz et al, 1993; ; and simulation (Ben-Akiva et al, 2003; Huynh et al, 2002; Mahmassani and Jayakrishnan, 1991; Taylor, 1990; Van Aerde and Yagar, 1988; Yang and Koutsopoulos, 1996) . Tong and Wong (2000) recently developed a predictive dynamic traffic assignment model for congested capacity-constraint road networks, in which a traffic simulator was built to load traffic demand incrementally onto the network and dynamically update traffic conditions. A time-dependent shortest path algorithm was used to determine paths with the minimum actual travel times from an origin to all of the destinations. This information served as an important input into the ATIS. The model was extended to deal with multiclass problems (Tong and Wong, 1998a) , and applied to enhance the performance of a road network with preannounced temporary closures (Tong and Wong, 1998b) . A further extension of the model to signal-controlled networks and the estimation of a time-dependent origin^destination demand pattern were attempted (Chung et al, 1997; Wong and Tong, 1998) in combination with a general traffic management system. Yang et al (1999) also studied the benefits that are obtainable from an ATIS.
Traffic data visualisation
Recent developments in the Internet and web-based technology have changed the nature of cartographic data visualisation, which was limited to paper maps in the past (Kraak, 2001 ). There has also been a sizeable increase in the use of geographic information systems (GISs) on the Internet (Green, 1997; Plewe, 1997) and this development has increasingly become an important part of multimedia cartography, which serves many more users than do traditional means of map production (Cartwright, 1997; Cartwright et al, 1999) . In recent years, GIS technology has been widely deployed in management and planning applications (Fung et al, 1996) , and has a significant role in disseminating traffic information, given that the majority of the information that is used to manage transport infrastructure and related facilities has a spatial component (Mainguenaud, 1995) .
Many studies have been conducted on cartographic design and the symbolisation of static maps (Krygier, 1996; MacEachren, 1994) . Various visual variables (such as location in space, size, shape, colour value, colour hue, texture, and orientation) and symbolisation schemes (discrete or continuous, dot, line, or shade) have been used in the visualisation of static maps. Advancements in web-based technology have made web content increasingly dynamic in nature. Web pages that make use of animated GIFs, JavaScripts, Java Applets, VRMLs, and dynamic HTML have revolutionised cartographic visualisation. Graphics and text in a web page that change in colour, or blink to attract the user's attention, are becoming the standards for web-page designs (Goodman, 1998) . For dynamic maps, the style and delay time of animation are additional attributes to consider (DiBiase et al, 1992; Ehlschlaeger et al, 1997; Hearnshaw and Unwin, 1994) . Size, shape, position, speed, viewpoint, distance, scene, texture, pattern, shading, and colour are the key variables in animation (Hayward, 1984) . Different combinations of these variables can be used in the design of dynamic point, line, and area symbols that blink and move in representing the location, volume, and flow of geographic variables, and in attracting the attention of map readers.
A proliferation of real-time traffic maps is evident on the Internet (ITS Online at http://www.itsonline.com). These traffic web pages integrate live traffic reports, show congestion levels or speeds at which traffic is moving along major roads, and alert to emergency traffic conditions through existing and evolving electronic media. Some sites even provide up-to-date weather conditions, transit information, or interactive telephone services. The majority of these sites provide`clickable' maps that are updated every few minutes, on which the user can view the current traffic situation from a selected CCTV camera or through a textual description of a traffic incident. However, even though the traffic map is updated every few minutes and the traffic cameras reveal road conditions in real time, there is much information to decipher (Ruggles and Armstrong, 1997 ) and there may not be time enough for a driver to spare a few seconds off the street, let alone to`click' a location on a map. The innovative development of advanced transportation systems demands an equally effective means of communication to the end users.
3 The design and architecture of the prototype system The prototype system is an integrated system that is capable of delivering real-time traffic video and providing a synoptic view of traffic situations to the users. Data collection, modelling, and display are the three major components of the real-time traffic multimedia Internet geographic information system. These components are effectively configured into three separate, yet interacting, subsystems: traffic data acquisition and analysis (TDAA), traffic network modelling (TNM), and dynamic traffic map visualisation (DTMV) ( figure 1, see over) . A GISöwhich serves as a central repository of data, a task scheduler, and a distributed systemöunites the three subsystems.
The TDAA subsystem establishes real-time communication links between CCTV cameras and the GIS. The video images are encoded into digital format for transmission to a web server for public viewing via the Internet. The TDAA subsystem is also fitted with video processing techniques to estimate traffic flows and count the numbers of different types of vehicles. The data are then stored in a GIS database for subsequent incorporation into the TNM subsystem. The TNM subsystem carries both online and offline dynamic traffic assignment models based on neural networks. A real-time traffic surface is generated by interpolating the traffic conditions of the transport network using piecemeal data that are derived from the CCTV images which are processed by the TDAA subsystem. The real-time traffic surface is deposited as a GIS database for further processing by the DTMV subsystem, which facilitates traffic map displays over the Internet. The DTMV subsystem uses dynamic point and line symbols in a traffic map to offer a synoptic view of the traffic conditions or to draw attention to traffic incidents. The real-time traffic map on the Internet is renewed automatically with updated data that stream from the TDAA and TNM subsystems.
The prototype system must overcome some technical impediments to function as a real-time traffic information system. First, CCTV images must be processed to yield flow and relevant road condition information in an efficient manner. Second, information that pertains to detached locations must be fitted to model a continuous traffic surface. Third, an innovative means of displaying traffic maps for easy consumption must be devised. Fourth, the time that is needed to extract information from CCTV images to traffic network modelling until eventual broadcasting on the Internet should be as short as possible, probably within 5 minutes, given that traffic conditions can vary significantly within a short time span. The three subsystems must be established to work in a common GIS to facilitate the storage, manipulation, and transmission of traffic information in the form of videos, databases, and maps over the Internet. 
Traffic data acquisition and analysis (TDAA) subsystem
In this subsystem, we propose to adopt a methodology that combines video compression and decompression techniques (Leung and Yung, 1999; Yung and Leung, 2001 ) together with an automated traffic parameter estimation method (Lai, 2000) . The proposed compression/decompression method utilises multiprocessing on advanced digital signal processors. Its operating principle is not complicated, and its implementation framework conforms to international standards [H.261 and H.263 as recommended by ITU-T, (International Telecommunication Union)]. The parameter estimation method uses the unconstrained detection region concept (Lai, 2000) , which inherently deals with lane changes, to estimate vehicle counts and speeds, along with other parameters. It can be embedded in the video bit-streams for forwarding to the GIS. Figure 2 shows that the TDAA consists of two major parts: video compression/decompression and traffic parameter estimation. The methodology of the video compression/ decompression stems from the concept of performing computation and communication in parallel so that the communication appears to be hidden by the computation (Leung et al, 2000) . In essence, this method models the task size, processor cache capacity, and communication contention through a systematic decomposition and scheduling approach, with the aid of Petri-nets and task graphs for representation and analysis. With the task size and data size known, typical problems such as cache miss can be avoided by imposing restrictions on the task and data size during decomposition. By considering communication contention on the network between processors, task scheduling and execution can be modelled more accurately to reflect actual events. The use of Petri-nets and task graphs helps to visualise and analyse the model and enable theoretical study and practical refinement. To demonstrate its practicality, H.261 and H.263 standards were implemented on a TMS320C80 system according to this model. Its performance was measured, from which the speedup, frame rate, and efficiency were calculated. The measured speedups of the H.261 were 3.67 and 3.76 on 4 processors for QCIF (Quarter Common Intermediate Format) and 3526240, respectively, which correspond to frame rates of 30.7 fps and 9.25 fps, and system efficiencies of 91.8% and 94%, respectively. Figure 3 (see over) depicts the generalised results of this parallel approach. It can be seen that the theoretical prediction and the measured results are close to the ideal case.
Figure 4 (over) shows the process of traffic parameter estimation in which the three stages that are depicted in figure 2 are expanded into block diagrams . The feature-preserving filter ensures a noise-free video source for subsequent analyses (Yung and Lai, 1996) . This mechanism is important because external noise interference due to rain, snow, or fog, and internal interference such as thermal shot noise, have detrimental effects on the image quality. Feature-preserving filtering in this case eliminates noise spikes in the image, thereby preserving image details for successive extraction and tracking. Background extraction is employed in vehicle extraction to expose moving objects in the scene for representation as vehicle masks. This extraction procedure requires knowledge of road lanes and centre lines, which are calculated by the road lane detection algorithm (Lai and Yung, 2000) . Each vehicle mask is then fitted with a deformable model to derive its dimension and orientation . The modelled results permit the vehicles to be tracked with occlusion detection and handling capabilities. If and when occlusion occurs, more than one vehicle is merged in the scene and the corresponding dimensions change abruptly. Similarly, if and when occlusion terminates, merged models split and their dimensions again change abruptly. Occlusion is handled using a split-and-duplicate method that splits the occluded vehicle model into multiple models that correspond to multiple vehicles, or duplicates the occluded vehicle model into multiple virtual models for correct tracking. Vehicle trajectories are estimated from tracking and are, in turn, used to determine vehicle counts, speeds, and flow rates. Figure 5 provides results of the traffic parameter estimation.
The foregoing discussion establishes that the diagram which is depicted in figure 2 has been realised. The video compression algorithms (H.261 and H.263) were implemented on a Texas Instruments TMS320C80, whereas the visual surveillance method was implemented in Visual C. The communication link was a fixed or mobile telephone line of up to 33 kbps, and video decompression was performed. All of the above functions are Windows NT based. Two types of traffic scenes were analysed: a normal outdoor urban traffic scene from a roadside CCTV of the Area Traffic Control Centre in the Department of Transport of the Hong Kong Special Administrative Region (HKSAR); and a scene that depicted tunnel traffic from the Tunnel Surveillance Group in the Electrical and Mechanical Services Department of the HKSAR. Vehicles in both scenes were tracked correctly and the urban traffic scene in which occlusion was frequent was tackled without obvious problems. Figure 5 presents the results for the tunnel case, the traffic counts of which were compared with the results of manual counting. The automated procedure yielded counts that were consistently higher than those of the manual procedure, but by less than 5% which was considered acceptable for control and monitoring purposes. The figures for the average speed per minute were also considered to be within a reasonable range.
Traffic network modelling (TNM) subsystem
Although there are four approaches to dynamic network modelling, as discussed in section 2.2, simulation models are by far the most commonly adopted approach for practical implementation because of their modelling tractability and flexibility (for example, the DynaMIT at http://mit.edu/its/dynamit.html, DYNASMART at http:// www.ce.utexas.edu/prof/mahmassani/dynasmart-x/index.html, and the dynamic traffic model of Tong and Wong, 2000) . Such models can estimate the overall traffic pattern in a dynamic network, but the intense computational requirement is a major concern for real-time applications. Possible ways of accelerating the simulation procedure to reduce its computational requirement for real-time implementation include parallel computing (Florian and Gendreau, 2001; Wong, 1996; Wong et al, 2001 ) and the neural network approach (Dougherty, 1995; Yin et al, 2002) . However, because of the inherent sequential nature of the network loading procedure in a simulation model, parallel computing may not be very efficient. Therefore, the neural network approach is proposed in this paper (figure 6). The neural network technique has been widely used for solving traffic and transportation problems (Dougherty, 1997) . Dougherty (1995) conducted a comprehensive review of the applications of neural networks in traffic pattern analysis and traffic forecasting, and revealed the promise of such a technique in the present real-time application. The traffic assignment model is comprised of an online submodel and an offline submodel. The online submodel is a predictive dynamic traffic assignment model (Tong and Wong, 2000) and the offline submodel is neural network based and suitable for realtime execution. The predictive dynamic traffic assignment model for congested, capacity-constrained, road networks involves a traffic simulator that incrementally loads traffic demand onto the network and dynamically updates traffic conditions in the network. A time-dependent shortest path algorithm determines paths with the minimum actual travel times from an origin to all of the destinations. The traffic simulator and time-dependent shortest path algorithms used a method of successive averages to arrive at the dynamic equilibrium solution to the traffic assignment problem. Although the Tong and Wong (2000) traffic model is used here for illustration purposes, other simulation models can be used in the neural approach.
Time-dependent origin^destination (OD) matrices are the primary inputs of this dynamic model. However, it is generally very difficult and extremely expensive to determine these matrices for daily operations. A dynamic OD estimation approach is thus proposed to estimate the time-dependent demand pattern of the traffic network in Hong Kong (Wong and Tong, 1998 ). An entropy principle (Wilson, 1970 ) is employed to estimate the most likely time-dependent demand pattern in the study area based on time-dependent traffic counts (Van Zuylen and Willumsen, 1980; Wong and Tong, 1998) , which are derived from the TDAA subsystem, at a number of strategic locations in the network (figure 6). These time-dependent OD matrices are fed into the predictive dynamic assignment model to determine the overall dynamic traffic patterns of the entire network over the study period. The dynamic traffic patterns provide not only a synoptic view of traffic conditions on unobserved links, but also the traffic congestion that is evolving in the network. Moreover, the quickest routes by which to traverse the dynamic network can also be suggested to road users through the DTMV subsystem.
Although the dynamic traffic assignment model can be applied directly to estimate the traffic surface, its heavy demand on computational time reduces its utility in realtime applications. Henceforth, the dynamic traffic model is employed as an offline submodel. A neural network submodel, which is trained with prediction results from the dynamic traffic assignment model, can act as an online submodel to supply relevant traffic information in real time. In a particular day of systems operation, real-time observed data are first input into the dynamic traffic assignment model. Time-dependent OD demand matrices are then generated using the Wong and Tong (1998) approach, and assigned onto the network to mimic traffic conditions. These estimations are then compared with measured results on the observed links at different time intervals. Together with the surveyed results of travel times that are obtained during the day (which need not necessarily cover the entire network), the dynamic traffic assignment model is corrected by adjusting its model parameters. The updated model corresponds more closely to the actual situations and is thus more`reliable' in predicting traffic conditions on unobserved links in the network. All of these results are stored in a databank. The neural network is then trained by the data that are accumulated in the databank to obtain the best sets of weights that can relate the observed data to the dynamic traffic patterns in the network at different time intervals. As the databank is continuously updated and enhanced, the predictive power of the neural network increases over time.
Real-time applications entail the following data inputs of observed links to the neural network: flow, speed, and density. Traffic conditions both on observed and on unobserved links in the network in subsequent time intervals (covering a period that approximately equals the longest travel time in the network) are predicted by the trained neural network, given the observed figures. The computing time for this prediction procedure, which involves simple matrix manipulation, can thus be kept to a minimum level, that is, in the order of seconds. The most time-consuming calculation is the dynamic analysis and training process, which is carried out offline and ahead of time. The potential applicability of the TNM subsystem to provide accurate real-time prediction of traffic conditions for forwarding to the DTMV subsystem is enhanced because the response time of the trained neural network submodel is expeditious.
Dynamic traffic map visualisation (DTMV) subsystem
The portrayal of traffic maps has changed little over time, even though the use of advanced technologies has made them more up to date and accessible (for example, ITS Online at http://www.itsonline.com, TANN at http://traffic.tann.net, and Traffic411 Dashboard at http://www.traffic411.com/). We have some-how been content with a display system that is construed primarily from a static standpoint. The display of traffic maps needs to catch up with advances in transportation technology. Traffic maps can provide intelligent links between travellers, vehicles, and infrastructure. As traffic incidents do not occur in a predictable manner, the display should allow for greater responsiveness to the travel needs of road users.
The use of animated cartography for the visualisation of spatiotemporal maps has been well researched since the 1970s (Campbell and Egbert, 1990; Cartwright et al, 1999; Peterson, 1995) . In animated cartography a series of maps are used in a dynamic representation to help users to visualise and comprehend changes in spatiotemporal data.
The use of animated symbols on maps can be considered a branch of animated cartography. In this case, map symbols on a static base map are animated to attract the attention of map readersöas opposed to animating a succession of maps (Yeh et al, 2000) . MacEachren (1995) presented observations on how cartographic research into symbol discrimination, ordering, and estimation can be related to the cognitive processing of information. There has been some development of dynamic variables for map animation and connotative meanings in maps (Kraak, 1998; Kraak et al, 1997) . Animation has been shown to be useful in drawing attention to maps (Campbell and Egbert, 1990; Mitas et al, 1997; Peterson, 1995; Shortridge, 1982) . Hence, we can infer that dynamic symbols help to attract the attention of users and enable them to find specific information, such as the location of a store, from an Internet map much faster than by browsing static or conventional maps. Research into the cartographic communication of animated maps has also found that even though animation may not increase the accuracy of cartographic communication, it can enable users to receive messages in a shorter time (Koussoulakou and Kraak, 1992) . This feature is highly relevant in vehicle navigation, in which a driver must obtain important traffic information immediately.
The design of web pages can easily be adapted for the use of dynamic symbols. Size, colour, shape, speed, and the sequence of animation are the basic attributes of dynamic displays. Whereas size, colour, shape, and speed are widely applied in animated cartography, blinking is the most commonly used sequence in dynamic symbolisation (Goodman, 1998; Hayward, 1984) . The continual development of dynamic web pages has led to the emergence of new sequences of animating dynamic symbols, such as glowing-in, glowing-out, growing-in, growing-out, and marquees (Yeh et al, 2000) (figure 7). Dynamic symbols are appropriate in a traffic information system from which users need to access online information instantly via the Internet. Symbols such as blinking points and animated lines can be employed as visual cues to alert travellers about changes in traffic conditions that are ongoing or developing within the transport network. Blinking lines and points can be used to alert drivers to traffic incidents, such as collisions or road closures. Glowing-out and glowing-in dynamic symbols can be used to represent increases or decreases in traffic flows. Marquees can be displayed at varying speeds to match changing traffic speeds. To cater further to personal preference and convenience, voice messages can be activated, and dynamic symbols can be turned off (that is, made into static symbols) on command. A dynamic real-time traffic map can convey much information, such as accidents, road closures, traffic speeds, and weather conditions. Temporal generalisation can also be carried out to summarise dynamic traffic information on a daily basis (Monmonier, 1990; . Animated symbols, with varying blinking rates or moving speeds, that correspond with various traffic conditions can enable a driver to gain an intuitive understanding of traffic flows and likely congested areas in a transport network. The driver can thus focus on driving, which will in turn help to improve safety on the roads, instead of being distracted by searching for traffic information. To avoid having à cluttered' map that contains all information and thus causes confusion, the subsystem can organise different types of data into layers. Users can turn layers on or off according to their needs (Emmer, 2001) . The subsystem will use the push or web-broadcasting technology to forward updated traffic information to the users. A dynamic traffic map will not only make better use of real-time traffic data for immediate consumption, but also make its use effortless. 
Conclusion and applications of the proposed system
The proposed real-time traffic multimedia Internet geographic information system makes use of CCTV cameras as a means of collecting real-time traffic information at points on the transport network where they are located. These point information items are then passed to the traffic network modelling subsystem to interpolate the real-time traffic on the transport network by means of a neural network approach. The real-time transport network information is then displayed in a dynamic traffic map with blinking symbols so that road users can easily find and be alerted of locations in the transport network where there is traffic congestion. Real-time video and traffic information of the location in the transport network selected by the user are displayed so that he or she can have an improved understanding of the traffic situation there (figure 8). The proposed system uses CCTV cameras as the major real-time traffic data-collection device by developing a methodology that combines video compression and decompression techniques together with an automated traffic parameter estimation method. However, other devices, such as loop detectors, can also be used for collecting real-time point traffic data in when CCTV cameras are not available or are not suitable. The advantage of using CCTV cameras is that they are more readily available, even in developing countries, for visual monitoring of city traffic.
The proposed systems architecture and technical arguments lead us to believe that a real-time traffic multimedia Internet geographic information system with a less than 5-minute time lapse is achievable. The proposed system is still in an early stage of development, and in this paper we have highlighted its core architectural constructs. Much work has to be done to fine-tune the three component subsystems and to enhance data communications among them.
Successful integration of the three subsystems will be beneficial to a wide spectrum of users, ranging from individuals to large corporations. The integrated system would give rise to an advanced traffic management system (ATMS) or an advanced traveller information system (ATIS), which could also serve as the foundation of a commercial vehicle operation system (CVOS). With this integrated system, a traffic management centre would be able to monitor traffic flows in real time through the TDAA subsystem and then adjust the mechanisms of traffic control (for example, timing control of traffic signals, diversion of traffic due to road closures, etc). Speculation about impending traffic conditions that is offered by the TNM (Traffic Network Modelling) subsystem could help the traffic management centre plot traffic control strategies to meet arising needs.
In addition to dissemination over the Internet, real-time traffic information could be transmitted via mobile or cellular phones, PDAs, or similar portable devices. The general public could be informed of real-time traffic conditions from any location and at anytime, by simply accessing the proposed system on their handheld telecommunication devices or on the Internet. Travellers could undertake pretrip and en route planning by giving due consideration to the current and upcoming or predicted traffic conditions presented by the system. Travellers could better arrange their trips by adjusting their route selection and departure time based on an increased awareness of the dynamic traffic situation. They could also be kept informed of prevalent road conditions even while travelling, in addition to obtaining support information (for example, on parking, petrol stations, restaurants, hotels, etc) from the DTMV (Dynamic Traffic Map Visualization) subsystem.
By linking the proposed system with network modelling and routing functions, alternative routes to destinations could be computed straight away while on the road in the event of developing congestion. The necessary network algorithms, along with traffic information for the entire road network (including both space and time dimensions), would enable the proposed system to function as a CVOS. Logistic and taxi operators could schedule their fleets in response to real-time traffic conditions to avoid serious congestion and thus improve operational efficiencies.
The proliferation of real-time traffic maps on the Internet clearly signals the widespread need of travellers around the world to be better informed. Billions of dollars are at stake in the transport industry. Although it is not possible to eradicate congestion totally, real-time traffic information will help road users to stay out of areas of congestion. The result will be time and cost savings for individuals and better service efficiencies and profitability for businesses. To evaluate the effectiveness of the prototype system, a performance survey could be conducted on a batch of volunteer users who will help to record the predicted and actual travel times after their journeys, and comment on the user-friendliness of the prototype system.
